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The National Spherical Torus Experiment (NSTX) has had a very productive period of plasma
operations since the last ST Workshop in Seattle in Nov. 1999. Many new research tools have
become available, and the plasma parameters have improved significantly.1-3 The main facility
capability improvements include the CHI 50 kA Injection Power Supply (July 00), the
between-shots He glow discharge cleaning (BSGDC) (Sept. 00), Trimethylboron (TMB) Gas
Boronization (Sept. 00) (similar to the technique used on MAST), NBI System (Sept. 00),
HHFW 4 MW injection (Dec. 00), NBI 5 MW injection (June 01), Plasma TMB Boronization
(July 01), HHFW Antenna Real Time Phase Control System (July 01), and HHFW 6 MW
injection (July 01). On December 14, 1999, the NSTX plasma current reached the design value
of 1 MA, approximately nine months ahead of schedule. During the year 2000, the plasma
discharge quality improved significantly, as illustrated in Fig. 1. The shorter pulse is the 1 MA
discharge achieved in Dec. 1999 with almost no current flat top. A much longer 1 MA pulse
with a flat top duration of over 200 msec was achieved one year later with the aid of plasma
conditioning techniques such as the TMB boronization, improved plasma control, higher
toroidal field at 4.5 kG, and auxiliary heating by NBI. A key to extending the pulse turned out
to be the ability to avoid reconnection events, which consumed significant transformer flux. As
shown in the Fig.1, the extended pulse case manages to avoid reconnections until after the
current flat top phase. The lowering of impurities by TMB and other wall conditioning
techniques and additional heating also contributed to the pulse extension by reducing plasma
resistive flux consumption in addition to reducing the occurrence of reconnections. In general
NSTX now operates with a Zeff in the range of 1.5 – 2 for reference 0.8 MA deuterium



plasmas with an average density <ne> ~ 2 × 1019m-3. Another noteworthy features of Fig. 1 are
that the plasma parameters were also greatly improved. The plasma stored energy increased
from about 40 kJ to 160 kJ. The energy confinement has increased from about 20 msec range
to as high as 70 msec.

DOE Level I First Plasma Milestone

FY 99 FY 00
1Q 2Q 3Q 4Q 1Q 2Q 3Q 4Q

First Plasma

1.0

0.8

0.6

0.4

0.2

0

P
la

sm
a

C
u

rr
en

t
(M

ill
io

n
A

m
p

er
es

)

FY 00 Research
Goal

FY 99 Research Goal

FY 01
1Q 2Q 3Q 4Q

Achieved 1 MA Milestone
(Dec. 1999)

1.4

1.2

Device Design
Value

Small Halo-Currents
Observed

Fig. 1.  Evolution of 1 MA plasma discharges
in early and late 2000.

Fig. 2.  Plasma current achieved in
NSTX vs. time.

Due to the improved plasma performance, operations at 1 MA plasma current level
became routine in this period. Another noteworthy observation is the relatively benign
behavior of wall halo current measured in the center stack and passive wall structures.1 This
result is consistent with the observations in CDX-U, START, and MAST devices. The plasma
current allowable limit of 1 MA was therefore raised to 1.5 MA for toroidal field of up to 4.5
kG. In May 2001, the plasma current was successfully raised to 1.4 MA (40% above the
design value) providing future opportunities for experiments.

Toward the end of Dec. 2000, the center stack TF bundle developed water leaks. This
problem was traced to an original manufacturing problem when some of the TF cooling tubes
were damaged. Four water leaks (one large and three small ones) were identified. The smaller
leaks were sealed successfully by the epoxy injection technique developed on TFTR. The large
leak was not sealed satisfactorily with this technique, and it will be repaired during the next
outage using other techniques. Another problem that developed in Dec. 2000 was damage to
the ohmic solenoid insulation. The problem was traced to a foreign (metallic) object trapped
during the manufacturing stage in the outer layer ohmic of the solenoid insulation. To fix the
OH insulation problem, the TF-OH bundle was lifted out of the device without breaking the
high vacuum. The OH coil was successfully repaired in about one month and lowered back to
the device. Since the coil repair, the device operation reliability has continued to improve so
that toward the end of the current period of operations (July, 2001), nearly 200 plasma pulses
were generated in one week even with the regular application of BSGDC.

The introduction of NBI in September 2000 enabled the NSTX experiments to move
rapidly toward high beta research. Within a short period, owing to good plasma confinement,
the so-called plasma no-wall beta limit of � 20% was reached as shown in Fig. 3. A
preliminary analysis of the MHD stability indicates that the plasma is indeed near the ideal
MHD beta limit.4 The NBI heated plasmas also exhibit a rich variety of higher frequency
MHD modes. In addition to the usual TAEs (Toroidal Alfven Eigenmodes), a new class of
high frequency MHD modes Compressional Alfven Eigenmodes, (CAEs) in the range of the
ion cyclotron frequency has been observed. 5
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Fig. 3.  Plasma Toroidal Beta achieved in
NSTX vs. time.

Fig. 4.  A typical NBI heated
discharge evolution.
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Fig. 5.  Plasma confinement time as compared to the
ITER H-mode scaling.

Fig. 6.  1 MA H-mode observed with
lower single-null configuration.

In Fig. 4, we show the plasma discharge behavior with one NBI source injecting 1.3
MW of power. The plasma-stored energy continues to increase exceeding 100 kJ with plasma
toroidal beta reaching nearly 20% until a MHD event is triggered. It is interesting to note that
the plasma confinement continues to improve with injection of NBI as evident by the steady
increase of stored energy while the ohmic input power (not shown) is decreasing in time. The
plasma confinement time for various NBI heated plasmas is plotted against the ITER H-mode
(98pby2) scaling in Fig. 5. The NBI heated plasmas exhibit good confinement characteristics,
well above the so-called L-mode scaling. The best confinement data as shown in Fig. 5 even
exceeds the H-mode scaling by up to 40%. It should be noted that most of those high
confinement discharges are not H-mode though they exhibit some signatures of internal
transport barriers particularly the ion energy channel, as evident by much higher Ti compared
to Te and very steep Ti gradient in the outer edge region.6 Interestingly, transport calculations



(TRANSP) indicate that the ion thermal diffusivity goes negative (acting as though the source
of heating) for most of the plasma radius. The high confinement discharges also show high
plasma toroidal rotation with high edge rotational velocity suggesting strong E x B shear
stabilization of turbulences such as the ion temperature gradient modes (ITGs). 7 The lower-
null diverted discharges often transition into H-mode as shown in Fig. 6.8 The density profile
shows a very rapid edge density increase as well as modest edge electron temperature rise.
The plasma stored energy increases during the H-mode phase and the plasma confinement
time rises dramatically to 100 msec range.

Significant advances were also made in the ST tool development area including High
Harmonic Fast Wave (HHFW)9,10 and Coaxial Helicity Injection (CHI)11 for heating and non-
inductive current drive. The plasma edge condition appears to play particularly important role
in the electron heating efficiency during HHFW.9,12 The diverted discharges appear to be
particularly well suited for efficient heating. Central electron temperatures up to 3.7 keV (from
200 eV prior to the HHFW application) were obtained with HHFW heating, producing a
record central electron pressure of 13 kPa. In this case, the electron temperature is
significantly higher than the ion temperature perhaps producing a favorable regime for
stabilizing electron temperature gradient modes (ETG).7 Efficient electron heating was
observed even at the lowest plasma current (thus far investigated) of 360 kA, which is
favorable for non-inductive current start-up. The longest duration H-mode on NSTX (� 120
msec) was induced by HHFW alone. Early application of HHFW has led to a broader current
and pressure profile discharges. Some interactions of NBI ions with HHFW have been also
observed. In the area of non-inductive current start-up, Coaxial Helicity Injection (CHI)
successfully drove up to 0.36 MA of toroidal plasma current with the injection of only 26 kA,
which is the highest plasma current multiplication to date of 14.11 The plasma is beginning to
show signs of flux closure including EFIT reconstruction, visible fast camera picture, and
appearance of prominent n=1 mode.

In the near future (Aug. – Nov 01), the device will be modified for improved plasma
diagnostic access particularly in the divertor areas. The high temperature (350 °C) bakeout
system will be implemented during the outage. In preparation for the exploration of advanced
ST regimes, there are a number of upgrade decision points coming up. The need for the active
wall stabilization will be assessed at the end of FY 2002. An advanced power and particle
handling system implementation will be also considered. For the longer term, a possibility of
an upgraded second center stack is being examined.
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